Atomistic computer simulations, using classical potential models, have been used to model ceria nanoparticles (NPs) with diameters of approximately 1 and 2 nm. Lattice expansion is observed in the stoichiometric 1 nm NP, consistent with experiment, indicating that reduction is not the primary driver for such expansion. Furthermore, on reduction, the 1 nm NP is found to distort significantly, offering a possible explanation for its reduced oxygen storage capacity compared to the 2 nm NP. Point defect calculations on the 2 nm NP indicate that while doping with La is energetically favourable, Fe incorporation is not.
Introduction
Ceria, CeO 2 , and its various micro-and nanoparticle (NP) formulations, are fast gaining a reputation as a 'super-material', as they are found in many diverse applications, such as automobile and truck catalytic converters [1] , chemical mechanical polishing agents for optical elements [2] , chemical mechanical planarization materials for semiconductor wafers [3] , solid oxide fuel cells [4] and diesel fuel additives which are claimed to mitigate emissions and improve fuel economy (e.g. Platinum Plus R from Clean Diesel Technologies Inc, Envirox R from Oxonica Materials Limited and GO 2 R from Cerion Energy [5] [6] [7] ). Nano ceria colloids that have been stabilized with biocompatible materials have shown considerable efficacy as a therapeutic drug for the treatment of mammalian central nervous system disorders, such as multiple sclerosis and amyotrophic lateral sclerosis [8] . The basic property underlying these apparently widely differing applications appears to be the redox behaviour of lattice cerium atoms, which allows ceria, specifically in nanoparticular form, to act both as an oxygen storage material or free radical scavenger depending upon its surface chemistry.
The ceria oxygen storage capacity (OSC) as defined in the following equation
has been found to be strong function of the size of the NPs. Surprisingly, it is quite large at 2 nm (349 µmol O 2 g −1 ceria) and interestingly falls off dramatically at either smaller sizes, e.g. 1.1 nm (65 µmol O 2 g −1 ) or bulk particle diameters (296 µmol O 2 g −1 ) [9] . However, the ability to produce particles with mean diameters of 2 nm is limited. Standard preparative routes tend to produce somewhat larger NPs, with mean diameters in the 5 nm range, or larger. The choice of preparative route also influences the shape of the NPs, with larger ones having a more cubic form or habit, in contrast to the cubo-octahedral form found in the 2 nm size [9] . Obviously, in order to optimize the engineering applications of the NPs, one must have a complete understanding of the atomic scale processes responsible for the properties of the NPs. Consequently, there have been a number of atomistic computer simulations of the ceria NPs [10] [11] [12] , in addition to, of course, the considerable body of literature on the modelling of point defect properties, including electronic structure of the bulk structure and surfaces [13] [14] [15] . However, available computer resources have usually constrained the size of the NPs which could be modelled to those somewhat smaller than even the 2 nm range. For example, in the earliest studies [11] , using VASP, the largest particle which could reasonably be handled was Ce 44 O 80 , although a Ce 85 O 160 NP was also modelled. (Note that these early calculations were on reduced ceria, which may account for their observation that bonds lengths increased with increasing NP size, in contrast to the (later) experimental measurements [9] .) In addition, more recently, Li et al. [16] and Mei & Ge [17] focused on small clusters (CeO 2 ) n with n up to 4.
In this work, classical methods have been employed to model explicitly two sizes of ceria NPs. One, with stoichiometry Ce 81 O 162 , has a diameter of approximately 2 nm, and a habit which closely resembles that seen in previously reported experimental studies [8] and is now commercially available (e.g. Strem or Sigma Aldrich). This is depicted atomistically in figure 1 . In addition, a smaller, 1 nm NP was subsequently modelled; this contained 15 formula units, i.e. a stoichiometry of Ce 15 O 30 . The structure and energetics of a range of point defects have been calculated, allowing a discussion of both intrinsic and extrinsic behaviours. In the next section, formation of the NPs is described, followed by an outline of the simulation methodology which is followed by a presentation of the results and their discussion. Finally, some conclusions are presented.
In-silico nanoparticle formation
The 2 nm NP was constructed from a supercell of the cubic fluorite structure adopted by bulk CeO 2 . This was then cut into a truncated cubo-octahedral shape by removing atoms above the {100}, {110} and {111} planes, as depicted in figure 1a . Note, however, that this particle is not electrostatically neutral: there are two extra oxygen ions associated with the six oxygenterminated {100} planes and the stoichiometry of the particle at this stage is Ce 79 O 160 . There are several ways to correct the stoichiometry. One is simply to remove two oxygen ions. There are about 950 possible ways to remove the two different oxygen ions from this particle, and all of them were modelled. Surprisingly, the spread in particle energies across all of these combinations was only 0.05 eV. Another approach would be to add an additional cerium ion to restore the stoichiometry. This was also investigated, by placing the extra Ce ion above the oxygen ions on one of the {100} faces. The energies of these NPs were no lower than the previous set, but were lower in symmetry. To increase the symmetry, an additional cerium ion was added to an opposite (100) face, and two additional oxygen ions were added above two of the {111} surfaces. Once relaxed (see below) this turned out to have, by a small margin, the lowest energy, of −8139.10 or −100.48 eV per formula unit. Thus, this configuration, shown in figure 1b, was used in the subsequent defect calculations reported in this paper.
The 1 nm NP was obtained from the ideal 2 nm NP, by removing the outer shells of ions. The led to an NP with a composition Ce 15 O 32 , so two oxygen ions had also to be removed to restore the appropriate stoichiometry, Ce 15 O 30 . Naturally, there are a number of ways to remove these excess oxygen ions. Although a complete systematic evaluation was not undertaken, it transpired that the first three attempts produced relaxed structures which were identical to each other, and whose energies were numerically identical. The lattice energy per formula unit for the 1 nm NP is −99.504 eV, rather higher than for the 2 nm NP. This indicates that the 1 nm is less stable than its 2 nm counterpart, in agreement with previous density functional calculations [12] .
Computational procedure
The majority of the calculations were performed with the GULP code [18] , using energy minimization techniques within the framework of the classical Born [19, 20] model of the solid. In this model, the ions are treated as point charges, with pairwise short-range potentials acting between them. The lattice energy is then given by
where A, ρ and C are parameters determined for each pair of ions. Additionally, the Shell model [21] was used to include ion polarizability. After a review of the various potential models for ceria in the literature, the parameters used in this work were taken from [22] . The parameters for the La and Fe impurities were derived for this work by empirical fitting, using the O-O parameters from [22] . The potential parameters are provided in table 1, for ease of reference. The sizes of the NPs studied permitted them to be treated as a molecule within GULP, thus avoiding any complications from the introduction of periodic boundary conditions. The approach to calculating point defects in the NP was straightforward, because of its molecular nature. In a systematic manner, atoms were removed, singly, from each site in the NP, and the particle's energy minimized by allowing the atomic positions to vary. In this way, the energies of all 81 Ce and 162 O vacancies were obtained. Similarly, Ce 3+ ions were substituted onto each of the cation positions. Iron and lanthanum dopants were treated the same way. defect energy is thus simply the difference between the (minimized) energy of the NP containing the defect and the energy of the perfect NP. Two approaches to finding the equilibrium structure were used. The default is a NewtonRaphson technique, which is a second derivative (of the energy) method, requiring calculation of the inverse Hessian (matrix of second derivatives). Convergence is usually fairly rapid and efficient, for modestly sized systems, such as the ones modelled in this work. However, in some circumstances, the principle conditions-zero first derivatives and positive definite second derivative matrix-may not obtain. In cases where the Hessian may have negative eigenvalues, GULP implements a Rational Functional Optimization (RFO) method [23] . In this method, the inverse Hessian is diagonalized, and the frequency spectrum level shifted to remove unwanted negative eigenvalues. We found that using the RFO method, a more stable, lower energy configuration was obtained for the defect-free, stoichiometric structure, so this was used to calculate the defect energies.
Defect interactions were explored by introducing two or more defects at the same time. Clearly, this approach produces a large number of possible combinations of pairs or triplets; to handle this, a script was written to set up all of the possible combinations and run the calculations sequentially in an automated manner. Macintosh Pro quad-core computers were used to run the calculations; up to eight calculations could be running at any given time on one computer, because only a serial version of GULP was used. The number of atoms in the NPs and time taken for each calculation did not warrant attempting to run in parallel.
Results (a) One nanometre particle
The stoichiometric, equilibrated structure is shown in figure 2 . The bond lengths, calculated between the cerium cation at the centre of the NP and the others are either 3.999 or 4.056 Å; compared with the equilibrium Ce-Ce bond length in bulk ceria, 3.825 Å [24] , calculated with the same interatomic potential model, it can be immediately appreciated that the 1 nm NP has expanded, relative to the bulk, which is observed experimentally [9] . Indeed, the calculated expansion is 6%, which is in excellent agreement with those experimental measurements. 3 . The general process used was as follows. For the single triplet, all possible combinations were examined. Using the configuration for the lowest energy for the single triplet, a second triplet (i.e. an additional oxygen vacancy and two Ce 3+ substitutionals) was added, and, again, all possible configurations were modelled. This was process was repeated for additional triplets. However, for NP containing four, five or six triplets, this approach produced abnormally large formation energies, leading to negative binding energies. Thus, for these highly reduced cases, in which most of the cerium cations are 3+, initial starting configurations were chosen by placing the Ce 3+ on those sites found to have (individually) the lowest substitutional energy, and oxygen vacancies introduced with a similar criterion (i.e. those with the lowest formation energies were removed first). In this second approach, not all possible configurations were examined, but the triplet formation energies were found to be more in line with the NP containing fewer triplets. It is possible that there will be configurations (for those NP containing four, five or six triplets) with lower formation energies reported here. However, our conclusions are not likely to be changed. In general, incorporating the triplets is accompanied by a significant degree of relaxation. This means that the reduced NP are quite heavily distorted, as can be seen in figure 3 . Although the relaxation, or distortion, leads to quite large binding energies, the calculated heats of reduction, from the equation: Ce 15 (b) Two nanometre particle The lattice energy of the stoichiometric Ce 81 O 162 NP was found to be −8139.10 eV. This is −100.48 eV per formula unit and compares with −101.92 eV for bulk ceria, with the same potential model. The relative instability of the NP with respect to bulk ceria is not at all surprising, given the very high surface to volume ratio in the NP (the specific surface area of ceria at this size can be estimated to be approx. 300 m 2 g −1 ).
A range of defect formation energies was found. Again, this is not surprising because there is some variation in the sites in the NP, with atoms near the surface having different coordination numbers to those at the centre of the NP. The lowest energy oxygen vacancy energy obtained was 24.28 eV; the position of the two sites with this energy is shown in figure 4a . It is seen to lie just below the surface layer. The highest energy required to remove an O 2− ion was 26.29 eV, giving a spread of formation energies of 2.0 eV.
It may seem a bit surprising that removing an oxygen from the surface does not produce the lowest V O formation energy. However, as indicated in figure 5 , substantial structural rearrangement occurs when a surface oxygen is removed, resulting in significant displacement (approx. 1.3 Å) of a subsurface oxygen ion towards the vacancy, effectively moving the vacancy into the subsurface layer. This is consistent with density functional theory (DFTs) calculations which show that subsurface (111) oxygen vacancies are more stable than those on the surface [25, 26] .
The lowest energy for Ce 3+ substitution was found to be 27.19 eV, for the Ce positions shown in figure 4b. In this case, the cation site lies on the surface, where its coordination number is 7. The highest energy was 28.88 eV, giving a spread of substitution energies of 1.69 eV.
(i) Neutral [2Ce 3+
4+ .V O ] triplets
In the absence of the influence of an external medium, any reduction of the NP will be effected in a way that preserves the overall charge neutrality of the particle: removing an oxygen atom leaves behind two electrons which are generally accepted to be localized on two cerium cations, converting them, formally, to Ce 3+ . The opposite effective charges of the V O and Ce 3+ ions causes an associative interaction between them, leading to the formation of a neutral [2Ce
However, there are a very large number (more than 10 6 ) of possible ways to introduce 2 Ce 3+ and one V O into the 243-atom NP, and it became impractical to attempt to model them all. In the end, only 2140 combinations were run; not all of these produced configurations in which the two Ce 3+ and V O could be said to be in close proximity. The sum of the individual lowest energies of one V O and two Ce 3+ is 79.25 eV. Compared to this, the incorporation energies of the triplets which were modelled, which ranged from 74.59 to 83.16 eV, showed that there is a positive binding energy for the lowest energy triplets, of around 5 eV, although the most unfavourable configurations were not stable relative to their individual defects. In general, a trend was observed, in that the lowest energy configurations were those with the reduced cations on the surface of the NP, where one might expect the larger Ce 3+ ion to be more easily accommodated in the lattice.
Thus, a slightly different strategy was adopted, in which configurations with two Ce 3+ cations on the surface were coupled with an oxygen vacancy. The rationale is that the electrons released on creation of the oxygen vacancy would be accommodated on neighbouring cations. Note, however, the accepted view, from both experiment and calculations (DFT and classical), is that the electrons will not be localized on cations directly adjacent to the oxygen vacancy (nearest neighbour, or NN, sites), but in the next nearest neighbour positions (NNN) [24] . Indeed, in the most energetically favourable configurations, the vacancies moved from their original position, which was on the surface, to a position under the surface, as was observed for isolated V O structures. The original vacant positions were occupied by oxygen ions moving into the vacancy.
To model further reduction, a second triplet was added to the NP. For this case, 4591 different combinations were run. The energy of the most stable configuration was 149.41 eV. There was a spread of about 4 eV between the lowest and highest energy structures.
The heat of reduction calculated for the lowest energy single triplet was H = −3.09 eV, and for two triplets, H = −2.96 eV. Note that these are negative, in contrast to the calculated heat of reduction for the 1 nm particles.
Fe and La incorporation. As dopant introduction can significantly modulate the native ceria's oxidation/reduction properties, transition metal and lanthanide metal doping of ceria has been extensively studied experimentally and compared to theoretical predictions [26] . This was the motivation to computationally examine both iron and lanthanum (but separately) doping of the 2 nm NP. Of additional interest, was the intriguing report by Hailstone et al. [27] on the difficulty of incorporating iron into the ceria lattice.
Fe doping.
Fe 2 O 3
Ce 81 O 162 any Fe incorporation will only be kinetically stabilized, probably as a consequence of the processing route followed [27, 28] .
(ii) La incorporation
Ce 81 O 162
Lanthanum additions were handled in the same way as for iron, except that only one or two triplets were incorporated into the NP. The negative heat of solution which follows from these defect energies, −3.3 eV/La 2 O 3 , indicates that, in contrast to Fe, lanthanum dopants will be thermodynamically stable. Furthermore, the energy of incorporation of two triplets (table 4) suggests that there will be an upper limit to the thermodynamically favourable doping of lanthanum of 4 La, or about 5 atom%, which is consistent with experimental observations [29, 30] .
Discussion
The calculations show that ceria NPs can be successfully modelled using classical simulation techniques, to determine their defect chemistry. The lattice expansion seen experimentally by Hailstone et al. [9] is reproduced in the simulations. In the case of the 1 nm NPs, the expansion occurs in the stoichiometric material, so it is not necessary to use the argument that the expansion is due to the presence of the large Ce 3+ ions, which are created on reduction. Rather, the explanation may be found in the change in the coordination numbers of the atoms in the surface, that is, a site energy argument is suggested. Structural distortions, which increase the energy of the system, are largely responsible for limiting the extent of reduction, and hence the OSC, of the 1 nm particles.
In the case of the 2 nm particles, the different (thermodynamic) solubility behaviour of Fe and La may be explained by the relative sizes of the two trivalent cations. Eightfold coordinated iron (r = 0.78 Å) is really too small to be comfortably situated on Ce (r = 1.143 Å) sites, even at the surface. In a relatively low temperature (less than 100 • C) experiment on surfactant stabilized 2 nm ceria particles, Hailstone et al. [27] were only able to detect only 2-4 atomic % iron incorporation into the lattice (out of 59 atomic % attempted). The remainder was present as a significant amorphous iron phase postulated to be FeOOH. It was only for long times at very high temperatures (which would favour kinetic incorporation methods, 600 • C) that this phase converted to the maghemite crystalline phase or the haematite crystalline phase (700 • C).
In this study, only one of a number of different possible configurations was used for the defect calculations. It is possible that other configurations may lead to slightly different conclusions, but that is the subject of further study. Indeed, the usual experimental preparative routes for the NPs invariably involve a liquid-based environment, in which case the surface adsorption of species such as water or H 2 O 2 , or more complex organic molecules, may exert some influence. Again, this is outside the scope of this study, not in the least because such calculations properly require the use of quantum mechanical methods.
Conclusion
Using the Born model and classical methods for calculating the properties of solids, it was found that selected properties of nano ceria such as the OSC size dependence, lattice expansion at
